The physical termini of mammalian chromosomes are capped with tandem repeats of the telomere sequence (TTAGGG) n . After fluorescence in situ hybridization with a labeled (TTAGGG) n probe, telomere-repeat-like sequences are seen as discrete bands at distinct intrachromosomal sites in a variety of vertebrate species. There is increasing evidence that these sites may be hot-spots for chromosomal rearrangements, fragility and neoplasia. We have investigated whether the interstitial telomere bands found in hamster chromosomes from a human hamster hybrid cell line are hot-spots for chromosome rearrangements induced by DNA-damaging agents. Our data indicate that the interstitial telomere bands are involved in chromosomal rearrangements observed at the first mitosis after G1 exposure of cells to X-rays or restriction endonucleases at a four-to fivefold higher frequency than expected based on their size. In addition, we have extended these observations to demonstrate for the first time that these interstitial telomere-repeat-like sequences participate in the delayed chromosomal instability observed in the progeny of cells surviving X-ray-exposure at multiple generations after irradiation. In two highly unstable clones showing multiple populations of rearranged chromosomes, interstitial telomere bands were observed at the site of recombination between the human and hamster chromosomes at a fiveto sixfold higher frequency than expected. There were also rearrangement and amplification of the interstitial telomere bands within the hamster chromosomes. These rearrangements occur during clonal expansion of cells surviving treatment with DNA-damaging agents and suggest a role for the interstitial telomere band in driving chromosomal instability. We conclude from the observed data that interstitial telomere bands function as recombinational hotspots that participate in generating the diverse chromosome rearrangements observed both immediately and as a delayed effect of cellular exposure to DNA damaging agents.
Introduction
Chromosomal rearrangements are associated with most human and rodent cancers, as well as with gene amplification, cellular *Abbreviations: FISH, fluorescence in situ hybridization; ITBs, interstitial telomere bands. transformation and even cell death. With rare exceptions, the cancer-prone human genetic disorders are associated with chromosomal instability or specific rearrangements, which are thought to be related to the high risk of cancer in these patients (1, 2) . Most of the chromosome abnormalities observed in tumors and other neoplastic cells are probably acquired, occurring as the result of the clonal or non-clonal proliferation of cells in which a chromosomal rearrangement arose by somatic mutation within a cell. DNA damaging agents, e.g. ionizing radiation and various chemical mutagens, also induce chromosomal rearrangements in cells. Recently a number of studies have described delayed chromosomal instability in the progeny of cells surviving exposure to ionizing radiation (reviewed in 3). The molecular and cellular processes that initiate these delayed chromosomal rearrangements, observed as a dynamic process at multiple generations after radiation insult, are unknown.
The telomere sequence (TTAGGG) n caps the physical termini of the mammalian chromosome. This cap is generally thought to maintain chromosomal stability by preventing chromosomal fusion and degradation of chromosomal DNA. Terminal telomeric sequences are maintained in lower eukaryotes and germ cells by telomerase, a ribonucleoprotein that uses an RNA template to direct telomere synthesis. Another role for telomerase appears to be the de novo formation of telomeres, or chromosome healing, to stabilize broken chromosomes (4) (5) (6) . Telomere repeat-like sequences are also seen as discrete bands at distinct intrachromosomal sites in a variety of vertebrate species (7) . For example, after fluorescence in situ hybridization (FISH*) with the telomeric repeat (TTAGGG) n as a probe, cell lines derived from the Chinese hamster show strong hybridization signals at regions of subcentric chromatin as well as other intrachromosomal locations (8) (9) (10) . The origin of these interstitial telomere bands (ITBs) is not known, but they may represent ancestral telomere fusion events or amplification of the repeat sequences present in ancestral karyotypes as latent telomeres (7) . There is increasing evidence that ITBs may be hot-spots for recombination, breakage, and chromosome fusion (3, 8, 9, (11) (12) (13) (14) (15) .
In this study we have investigated whether the ITBs found in hamster chromosomes from a human hamster hybrid cell line are hot-spots for chromosomal rearrangements induced by DNA damaging agents. We show that the ITBs are preferentially involved in chromosomal recombination observed in metaphase chromosomes following cellular exposure to ionizing radiation or restriction endonucleases. In addition, we demonstrate for the first time that the ITBs participate in delayed chromosomal instability, and function as recombinational hot-spots generating the diverse array of chromosomal rearrangements that are observed in the progeny of cells surviving X-ray exposure at multiple cell generations after the initial exposure.
Materials and methods

Cell culture
The human-hamster somatic hybrid cell line GM10115 (Human Genetic Mutant Cell Repository, Institute for Medical Research, Camden, NJ) contains a single copy of human chromosome 4 in a background of 20-24 hamster chromosomes. Cells were maintained as a monolayer in Dulbecco's modified Eagle's medium supplemented with 4.5 g/l glucose, 10% fetal bovine serum, 100 units/ml penicillin, 100 mg/ml streptomycin, 2 mM L-glutamine and 0.2 mM proline, and cultured at 34°C in an atmosphere of 5% CO 2 in air.
X-Irradiation
GM10115 cells were exposed to ionizing radiation at ambient temperature from a Philips RT100 X-ray machine (250 kVp, 15 mA; half-value layer 1.0 mm Cu) at a dose rate of 1.0 Gy/min.
Treatment with restriction endonucleases
Cells were treated with 25 units of the restriction enzyme PvuII (recognition sequence 5Ј-CAGC TG-3Ј, blunt ends produced). High-concentration enzyme and the appropriate storage buffer (restriction enzyme shipping buffer without restriction enzyme) were obtained from Boehringer Mannheim (Indianapolis, IN) and introduced into cells by electroporation (16) with a Bio-Rad Gene Pulser (Bio-Rad Laboratories, Richmond, CA), as described previously (17) . Briefly, after trypsinization, exponentially growing GM10115 cells (3-4ϫ10 6 cells/treatment) were washed once in phosphate-buffered sucrose (7 mM KH 2 PO 4 , pH 7.4, 1 mM MgCl 2 , 272 mM sucrose), resuspended in 0.8 ml of phosphate-buffered sucrose, and transferred to an electroporation chamber. The appropriate amount of enzyme or storage buffer was added, and the suspension was mixed. Electroporation was carried out at ambient temperature with a field strength of 750 V/cm (300 V using a 0.4-cm chamber) and the capacitance extender set at 125 µF. Control cells were electroporated with storage buffer alone. Immediately after electroporation, the cells were resuspended in medium and cultured for another 22 h for cytogenetic analysis.
X-Ray-induced genomic instability
To investigate the role of the ITB in generating the chromosomal rearrangements observed in genomically unstable cells, metaphase chromosomes from a single cell surviving either 5 Gy of X-rays, 5G3 (18), or 10 Gy of X-rays, X2 (19) were analyzed after clonal expansion. Both these cell clones showed multiple populations of rearranged metaphase chromosomes resulting from induced delayed genomic destabilization occurring during clonal expansion.
Cytogenetic analysis
Colcemid (2ϫ10 -7 M final concentration) was added to exponentially growing cultures for 2-3 h, and metaphase cells were collected after gentle shaking of the flasks to dislodge mitotic cells. Cells were treated with pre-warmed 0.075 M KCl (hypotonic) for 2-4 min, washed in methanol, and fixed in methanolacetic acid (3:1, v/v). Metaphase chromosomes were spread by dropping the cell suspension onto dry glass microscope slides. Air-dried slides were stored at -20°C.
Probe labeling
Escherichia coli DH5α strain carrying a Bluescript vector-based library of human chromosome 4-specific DNA sequences (pBS4) (from J.Gray and D.Pinkel, University of California, San Francisco) were amplified as described previously (19) . The plasmid probe pSXneo-1.6T2AG3 was used to identify the interstitial telomere repeat-like sequences. pSXneo-1.6T2AG3 contains 1.6 kb of TTAGGG n telomere repeat sequences (a gift of J.P.Murnane, University of California, San Francisco) and was labeled (1.5 µg/reaction) with biotin by using a BioNick kit (Bethesda Research Laboratories). Unincorporated bases were separated from labeled probe through the use of a NucTrap column (Stratagene). Alternatively, plasmid DNA was labeled with digoxigenin (digoxigenin-11-dUTP, Boehringer Mannheim) by replacing the 10ϫ dNTP component of the BioNick kit, which contains a biotinylated nucleotide analog, with a substitute 10ϫ dNTP mixture containing a digoxigenin-labeled nucleotide analog (200 µM dNTPs, 200 mM digoxigenin-11-dUTP, 100 µg/ml bovine serum albumin, 500 mM Tris, pH 7.8, 15 mM MgCl 2 , 0.7% β-mercaptoethanol); otherwise, the labeling reactions and subsequent purification steps were performed identically. 
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Fluorescence in situ hybridization Slides were washed in two changes of 2ϫ SSC (1ϫ SSC is 0.15 M sodium chloride and 0.015 M sodium citrate) for 15 min at ambient temperature, then dehydrated in 70, 90 and 100% ethanol for 1 min each at ambient temperature. After drying, chromosomes were denatured in 70% formamide/2ϫ SSC at 80°C for 30 s and dehydrated in ethanol baths as described above. A volume of 35 µl hybridization mix (50% formamide, 2ϫ SSC, 10% dextran sulfate, 50 ng of each labeled plasmid) was applied to each slide, which was covered with a 24ϫ50-mm glass coverslip and sealed with rubber cement. Slides were incubated for overnight hybridization at 50°C in a closed humidified chamber. All remaining steps were performed at ambient temperature. Slides were washed in three changes of phosphate-buffered detergent, once briefly and twice for 10 min each. Subsequent steps depended on whether a biotinylated probe alone or both biotinylated and digoxigenin-labeled probes were to be detected.
For detection of biotinylated probe, slides were incubated with fluorescein isothiocyanate (FITC)-avidin for 15 min covered with plastic coverslips. After a final rinse and two 5-min washes in phosphate-buffered detergent, propidium iodide/Antifade was applied to slides under a glass coverslip.
For simultaneous detection of biotinylated and digoxigenin-labeled probes, slides were incubated with FITC-avidin plus rhodamine-antidigoxigenin antibody while covered with a plastic coverslip. After a final rinse and two 5-min washes in phosphate-buffered detergent, 15 µl of 1 µg/ml DAPI (4Ј,6-diamidino-2-phenylindole hydrochloride, Boehringer Mannheim) plus Antifade (Oncor) was applied to slides under a glass coverslip.
All slides were allowed to stand for at least 5 min after counterstaining. Any excess fluid was pressed out, and slides were stored at 4°C.
Analysis of metaphase chromosomes
Metaphase chromosomes were analyzed on a Zeiss Axioskop equipped with a dual-band pass FITC/Texas Red filter set. Kodak 400 ASA slide film was used for all fluorescence photography, and simultaneous visualization of three colors was accomplished by double-exposing the images obtained with the dual-band pass filter with the image created through the UV filter. No digital processing was used to modify any of the images presented.
Analysis of chromosome rearrangements
Chromosome rearrangements were scored by using a combination of standard cytogenetic classifications for deletions, insertions and reciprocal and nonreciprocal exchanges, and the Protocol for Aberration Identification and Nomenclature Terminology (PAINT) (20) . To characterize the GM10115 cell line by cytogenetic analysis and to determine the stability of the karyotype, four single-colony isolates were cultured for several passages and metaphase chromosomes were analyzed for chromosome number and morphology based on the size and presence of an ITB. For each X-ray dose or restriction enzyme concentration, 100 metaphase cells were analyzed at random, and the percentage of aberrant cells was determined. Another 100 cells with rearrangements involving the human chromosome were analyzed for the location of the rearranged human chromosome relative to the ITB on the hamster chromosome. For this investigation, a three-color junction involving any combination of juxtaposed human (red), ITB (green), and hamster (blue) chromatin is taken to indicate that the ITB was involved in the recombination process after DNA damage. Rearrangements among hamster chromosomes not involving the human chromosome were not analyzed in this study.
Results
GM10115 cells are stable cytogenetically; and after several passages, no chromosome rearrangements involving the human chromosome were detected in any of four untreated clones. The brightest ITBs were associated nearly exclusively with the centromeres of 14 of the 22 chromosomes ( Figure 1A) , and the total amount of ITB sequence, measured cytogenetically, amounted to 5% of the total DNA. Terminal telomeres are seldom observed using the T 2 AG 3 probe and the FISH conditions utilized in this study. This indicates they are probably smaller than 5 kilobases, which is the limit of resolution of FISH in our laboratory.
Asynchronously growing cells were exposed to X-rays, and chromosome aberrations involving the human chromosome 4 were scored at the first metaphase. As expected, X-rays induced chromosome rearrangements in a dose-dependent manner, with more complex rearrangements appearing at higher doses (data not shown). These frequencies are consistent with rearrangements occurring through a random association of the unrepaired termini of randomly broken chromosomes. However, ITBs appeared in unambiguous three-color junctions ( Figure 1B-D) at frequencies that were higher than those expected from the relative amounts of human, hamster and ITB DNA in the 22 chromosomes in the GM10115 cells (Table I) . Three-color junctions signify the presence of an ITB flanked on one side by human chromatin and on the other by hamster chromatin. We have no explanation as to why the frequency of three color junctions did not increase with X-ray dose but clearly we were not saturating the effect.
The restriction endonuclease PvuII was electroporated into GM10115 cells to determine whether the ITB sequence is also a target for genomic recombination after DNA strand breakage. Because the ITBs are presumably made up of telomere repeat sequences, they should not be cleaved by PvuII, which recognizes a different sequence. Nevertheless, an elevated frequency of three-color junctions was also observed after PvuII treatment (Table I, Figure 1E and F), indicating the involvement of ITBs in rejoining events between the human and hamster chromosomes. Furthermore, as was observed in X-irradiated cells, the centromeric ITBs were preferentially involved in the chromosomal recombination events.
A number of acentric fragments of human chromosome 4 were observed in the GM10115 cells. A total of 22% of human chromosome fragments appeared to be unrejoined in the Xirradiated cells and 9% in the PvuII-treated cells (Table I ). All of the expected frequencies shown in Table I are adjusted to   262 reflect the fraction of these seemingly unrejoined human chromosome fragments. Telomere repeat sequences were detected on some human chromosome fragments, presumably reflecting capping by translocation of the pericentric ITBs ( Figure 1D and F) . A terminal ITB translocation was scored positive if the signal was more intense than that of telomeres occasionally seen in untreated metaphase spreads. ITB translocations (capping) were observed at a frequency that was 10-fold higher than that expected from a misrejoin derived from a single break in the human chromosome and two breaks around an ITB (Table II) . Where no obvious capping was observed, it is also possible that a fraction of an ITB too small to be detected by FISH was present on the fragments of the human chromosome.
In chromosomes from cells exposed to X-rays, humanhamster chromosome junctions involved the portion of the ITB associated with the hamster centromere 11% of the time (Table I) , which was about fivefold higher than expected from a random recombination of broken hamster and human GM10115 chromosomes present in the proportions measured cytogenetically. In contrast, human-hamster chromosome junctions involved the non-centromeric ITB portion of the hamster chromosome only 1% of the time (Table I) , which was onehalf of the expected frequency. The preference for centromeric ITB recombination was an unanticipated result.
To investigate whether ITBs are involved in chromosome rearrangements occurring as a delayed effect of exposure of cells to X-rays, slides of metaphase chromosomes from cells expanded clonally from a single cell surviving either 5 Gy (clone 5G3; Morgan and Murnane, 1995) or 10 Gy (clone X2; Marder and Morgan, 1993) , and exhibiting pronounced chromosomal instability, were co-hybridized with labeled probes for human chromosome 4 (red) and (TTAGGG) n (green). Once again, there was a significant (five-to sixfold) increase in three-color junctions involving the human-ITBhamster chromatin (Table II) . In 5G3, the ITBs became unstable independently of the human chromosome and sometimes appeared to recombine with the human chromatin to produce rearranged chromosomes (e.g. Figure 2A ). Figure 2B shows seven ITBs within the hamster chromatin, four of which are associated with discrete bands of human chromatin. In clone X2, one chromosome preferentially showed instability, and appeared in several rearrangements in different metaphase populations derived from a single cell (for details, see 19) . There was an ITB in this chromosome at the junction of the human and hamster chromatin (large arrowhead in Figure 2C ) and it was this chromosome that was involved in generating the different subpopulations of metaphase cells observed. A smaller but distinct ITB can also be seen on the large acrocentric chromosome that was also involved in this rearrangement of the human chromosome (small arrowhead in Figure 2C ). During the clonal expansion of this cell population, that fragment of rearranged human chromosome was duplicated and reintegrated next to the ITB on the acrocentric chromosome (arrowhead in Figure 2D ). In both unstable clones investigated, the chromosomal instability resulted in the ITBs becoming widely separated from the centromeric region of the chromosome, and in many instances resulted in multiple ITBs per rearranged chromosome (e.g. Figure 2A and B).
Discussion
After X-irradiation or restriction enzyme treatment, the ITBs were involved in chromosome rearrangements at a four-to fivefold higher frequency than expected from their genomic size (Table II) . Furthermore, the human chromosome in the human-hamster hybrid GM10115 cells could be capped or healed by translocation of the pericentric ITB ( Figure 1D and  F) . A broken chromosome is unstable unless it either acquires a preexisting telomere by recombination or is healed by the synthesis of a new telomere (21) (22) (23) . This process may stabilize the broken end or perhaps facilitate further recombinational events. In our experiments, capping may have occurred as a direct result of DNA damage, via translocation of an ITB, and was complete by the first metaphase after exposure to the damaging agent. Alternatively, capping may be the consequence of a unique biochemical event and/or chromatin configuration associated with the junction of the ITB and chromosomal DNA. Although telomerase is active in CHO cells (15) and may contribute to chromosome healing (4, 5, 21) , it is unlikely that within a single cell cycle it could produce a sufficiently large ITB to be identified by FISH. Other investigators have also described subtle or cryptic translocation events involving telomeric ends of chromosomes, all of which were discovered because of a specific clinical diagnosis (24, 25) . Our data extend these observations and those of Meltzer et al.
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(26) demonstrating that either translocation of ITBs or capture of telomere repeat-like sequences can stabilize chromosome breakage after exposure of cells to DNA-damaging agents.
Our data indicate that chromosome rearrangements that occur after exposure of cells to DNA-damaging agents involve ITBs at a significantly higher frequency than would be expected and they raise a number of important and intriguing questions. There is abundant evidence in the literature to indicate that DNA damage that is induced by ionizing radiation occurs randomly throughout the genome (27, 28) . It remains to be answered how and why the ITBs are involved in chromosome rearrangements at a significantly higher frequency than would be predicted from their size. This phenomenon may have significant consequences for an irradiated cell. Significantly, Butler and co-workers (29) recently demonstrated that in Saccharomyces cerevisiae, large DNA palindromes are formed efficiently when a double-stranded break is introduced near short inverted repeats. This suggests a potential mechanism for the formation of large palindromic DNAs and for genomic instability resulting from chromosome breakage at selective sites. Furthermore, a spatial correlation has been observed between radiation-induced hot-spots and ITBs in CBA/H mice. This inbred mouse strain is a model system in which to study radiation-induced acute myeloid leukemia. The disease is characterized by chromosome 2 abnormalities, with welldefined breakpoint preferences corresponding to ITBs within the chromosome (13, 30) .
Preferential involvement of the ITB in damage-induced chromosome rearrangements is not limited to X-ray-induced chromosome damage. ITBs were also preferentially involved in chromosomal rearrangements after cellular exposure to PvuII, and as a delayed effect of radiation exposure manifesting multiple cell generations later in the progeny of irradiated cells. Clearly, this delayed instability is perpetuated by recombination involving ITBs (Figure 2A-D) . Table II shows that after treatment with the restriction enzyme PvuII, ITBs are involved in chromosome rearrangements at a significantly higher frequency than expected, considering that ITBs probably have fewer PvuII sites than do other genomic sequences. PvuII specifically cleaves the sequence 5Ј-CAG↓CTG-3Ј, which should be rare within an ITB that has a strong (TTAGGG) n hybridization signal. Despite repeated attempts, ITBs have proved refractory to DNA sequence analysis (L.Alvarez and A.J.Giaccia, personal communication). Restriction enzyme-induced DNA double-strand break may occur close to ITBs or may be enriched at the junctions between the ITB and the chromosome, as suggested by our cytogenetic data (e.g. Figure 1E and F). However, a similar result was observed by Balajee et al. (31) , who used AluI and HmfI as well as PvuII and showed that ITBs were excessively involved in chromosome aberrations induced by all three endonucleases. These data suggest that recombination involving ITBs is a more frequent resolution to induced damage than is random association of broken chromosomes.
The three-color junctions (human-ITB-hamster) we observed preferentially used the centromeric portion of the hamster chromosome in both the X-irradiated and enzyme-treated cells. A similar observation was described by Bertoni and co-workers (32) , who demonstrated that PALA-resistant mutants from CHO-264 PV cells show amplified CAD genes, and the recombination events that accompanied gene amplification frequently involve centromeric ITBs. Alternatively, other centromeric associated sequences may be involved in the observed instability. Pericentromeric blocks of heterochromatin on human chromosomes 1, 9 and 16 exhibit elevated frequencies of chromosome breakage (33, 34) , and recently Grosovsky et al. (35) described clonal analysis of delayed karyotypic abnormalities and gene mutation induced by ionizing radiation, which preferentially involved centromeric regions of human chromosomes. This suggests that a non-random process is involved in directing the rejoin. It is unknown whether the frequency of recombination observed is a result of the repetitive nature, the gross size of the ITB, its centromeric location, or anomalous repair in this region, but it is not unreasonable to expect that recombinational events involving other repeat sequences may also contribute to chromosomal rearrangements.
Significantly, the data presented here using clones 5G3 and X2 (Table II and Figure 2 ) suggest for the first time that recombination involving ITBs may be a major driving force in genomic instability. ITBs were observed at the site of recombination between the human and hamster chromosomes at a five-to sixfold higher frequency than predicted from their size, and were often rearranged within the hamster chromosomes independent of the human chromosome (Figure 2 ). These are intriguing observations because the instability occurs multiple generations after cellular insult and results in gross rearrangement of the genome (19) . Radiation damage has not been shown to persist in cells over multiple generations suggesting that ITB mediated recombination can lead to chromosomal destabilization in the progeny of damaged cells.
Telomere repeat sequences have been implicated as 'hotspots' for a variety of recombination events and Katinka and Bourgain (36) showed that interstitial telomeric sequences in Paramecium primaurelia are hot-spots for illegitimate recombination. Furthermore, Ashley et al. (12) have suggested that telomere-promoted recombination could represent a distinct recombinational pathway for meiotic recombination. However, when present at an interstitial location, telomere repeat-like sequences may be highly instrumental in promoting site-specific recombination, as reported here and in the Armenian hamster (11) . At present we have no insight into the recombination events involved in generating these chromosomal rearrangements. It is tempting to speculate that following exposure to DNA damaging agents, general genomic destabilization leads to misjoining events between chromosomes and that this is modulated by both homologous and non-homologous recombination processes. Whatever the mechanism, our study indicates that these recombination mediated processes can persist in cells for several cell generations after the initial damage.
Clearly, recombination of telomere repeat sequences plays a major role in chromosome rearrangements in a variety of cell types. The increased frequency with which ITBs are involved in chromosome rearrangements at early and delayed times postcellular insult, indicates a critical role for the telomere repeatlike sequence in the induction of genomic instability.
